The association of nasopharyngeal carcinoma (NPC) with the Epstein-Barr virus (EBV) was firmly established as early as 1973. Nevertheless, the role for the virus in the pathogenesis of NPC is still controversial. In this article, the evidence implicating EBV in the development of NPC is reviewed, focusing on the cellular site of EBV persistence, the association of the virus with diVerent NPC histotypes, the tumour cell phenotype in the context of viral latent gene expression, and the possible role of the lymphoid stroma. (J Clin Pathol: Mol Pathol 2000;53:248-254) 
The past 15 years have witnessed a great expansion of the spectrum of tumours known to be associated with Epstein-Barr virus (EBV) infection. In addition to the familiar Burkitt's lymphoma, this now includes some tumours that had long been suspected to be EBV associated, such as Hodgkin's disease, and some more unlikely candidates, such as gastric carcinomas and certain smooth muscle derived neoplasms. Molecular epidemiological studies have shown that for most of these entities the association with EBV is variable, depending on factors such as the geographical origin of the patient (for example, Burkitt's lymphoma) or histological subtype (for example, Hodgkin's disease). Moreover, a combination of molecular and morphological studies has shown that in some EBV associated tumours the virus is present only in a proportion of neoplastic cells (for example, T cell lymphomas), raising questions about the role of the virus in the pathogenesis of these tumours.
No human tumour entity is as consistently associated with EBV as non-keratinising nasopharyngeal carcinoma (NPC). Virtually all cases are EBV positive, regardless of geographical origin, and the virus is present in all tumour cells. Nevertheless, for no other of the established EBV associated tumours has the role of EBV been so controversially discussed. 1 In particular, epidemiologists have questioned the relevance of EBV for the development of NPC, instead emphasising the importance of dietary carcinogens, such as salted fish products. Nevertheless, EBV has been classified as a group I carcinogen by the International Agency for Research on Cancer (IARC), among other reasons, because of its association with NPC 1 .
The purpose of this article is to review the evidence implicating EBV in the pathogenesis of NPC.
Role of epithelial versus B cells in primary and persistent EBV infection: relevance for NPC pathogenesis
EBV is a ubiquitous human herpesvirus infecting over 90% of the adult population worldwide. Primary EBV infection usually occurs early in life and is asymptomatic. If primary EBV infection is delayed a clinical syndrome may result, infectious mononucleosis. 2 In any case, primary infection is followed by life long virus persistence, which again is asymptomatic in most cases.
Our current knowledge of primary EBV infection is largely based on studies of patients with infectious mononucleosis, and rests on the (unconfirmed) assumption that the changes seen in infectious mononucleosis are representative also of asymptomatic primary infection. Infectious mononucleosis is a benign, self limiting lymphoproliferative disorder characterised morphologically by a proliferation of lymphoid blasts in the extrafollicular areas of tonsils. 3 3 In fact, cells conforming to the expected latency III pattern appear to be in the minority in infectious mononucleosis. 3 The proliferation of EBV infected B cells in turn elicits a cytotoxic T cell reaction, which is directed against most of the viral latent proteins with the exception of EBNA1. 5 6 This cytotoxic T lymphocyte (CTL) response allows the control of EBV infection and the transition into asymptomatic virus persistence.
The question as to which cellular compartments mediate primary and persistent EBV infection has been controversially discussed. Models developed in the 1980s have proposed a central role for oropharyngeal epithelial cells in both primary and persistent infection. 7 These models were based largely on two observations. First, the detection of EBV in desquamated oropharyngeal epithelial cells in primary and persistent EBV infection had been reported. 8 9 Second, EBV replication had been demonstrated in epithelial cells of oral hairy leukoplakia, an AIDS associated lesion of the tongue. 10 However, studies of infectious mononucleosis tonsils have consistently demonstrated the virus in B cells but not in epithelial cells. 3 11 Importantly, two recent independent studies found no evidence of EBV infection in desquamated oropharyngeal epithelial cells, and thus did not confirm the earlier studies. 12 13 Moreover, although EBV replication is clearly detectable in the superficial epithelial cell layers of oral hairy leukoplakia, there is no evidence of latent persistent infection in this lesion.
14 A recent PCR survey of tissues from the upper aerodigestive tract has also led to the conclusion that this site is not a major EBV reservoir. 15 Thus, these and other studies have cast doubt on earlier models and, more recently, the role of B cells as the main reservoir of virus persistence and, possibly, the main target of primary EBV infection has been emphasised. 16 17 Several recent studies from Thorley-Lawson's group have established resting memory B cells as a major site of EBV persistence. [18] [19] [20] This raises the question as to when EBV infection of epithelial cells occurs during the pathogenesis of NPC. EBV has not been detected in normal nasopharyngeal epithelial cells either adjacent to EBV positive NPC or in patients biopsied for suspected NPC. [21] [22] [23] [24] However, EBV infection has been demonstrated in in situ carcinomas of the nasopharynx, which are presumed precursor lesions of NPC. 25 26 Taken together, these findings seem to suggest that EBV infection takes place before invasive growth begins, but probably does not represent the first step in the pathogenesis of NPC. This notion is also supported by in vitro studies, which have shown that stable EBV infection of epithelial cells may require an undiVerentiated phenotype. 27 Thus, one could speculate that epithelial cells might become susceptible to EBV infection as a result of exposure to environmental carcinogens-for example, in the form of dietary factors such as salted fish.
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Yet another unresolved issue is the mechanism by which EBV enters epithelial cells. The balance of evidence now suggests that the C3d/EBV receptor (CD21) that facilitates the infection of B cells is not expressed in human epithelial cells in vivo. 28 29 However, low degrees of CD21 expression in epithelial cells in vitro have been reported, and Fingeroth et al have described CD21 mediated infection of an epithelial cell line with EBV. 30 31 Imai et al have reported the infection of 18 of 21 human epithelial cell lines with EBV by co-cultivation with EBV producing B cells, suggesting that direct cell contact might allow EBV infection of CD21 negative cells, a mechanism first proposed by Bayliss and Wolf.
32 33 The presence of EBV infected lymphocytes showing evidence of lytic infection in the nasopharyngeal mucosa suggests that this might also be a possible mechanism for EBV infection of epithelial cells in vivo. 21 
EBV association of NPC histotypes
Nasopharyngeal carcinomas occur worldwide with variable incidence. In Western countries the tumour is rare (annual incidence, < 0.5 cases/100 000), whereas in some parts of South East Asia, North Africa, Greenland, and Alaska it is a common human cancer (annual incidence in Hong Kong 25/100 000 men; incidence figures from GLOBOCan database, IARC, Lyon, France, http://www.iarc.fr). The WHO classification of nasopharyngeal carcinomas distinguishes two major types, squamous cell carcinoma and non-keratinising carcinoma, the latter including undiVerentiated carcinoma as a subtype. Non-keratinising carcinomas are commonly associated with a prominent lymphoid stroma consisting of lymphocytes, histiocytes, eosinophils, and other reactive cellular elements. These tumours are therefore also termed lymphoepithelial carcinomas or lymphoepitheliomas. By contrast, squamous cell carcinomas of the nasopharynx typically elicit a desmoplastic stroma reaction and therefore are commonly not accompanied by a lymphoid stroma. The proportions of the histological types appear to show some variability, but in all populations undiVerentiated carcinomas account for most cases.
The association of non-keratinising nasopharyngeal carcinomas, particularly of the undiVerentiated subtype, with EBV is well established. EBV has been detected in virtually all cases, irrespective of the geographic origin, and thus appears to be a rate limiting step in the pathogenesis of these tumours. By contrast, the question as to the possible association of squamous cell NPCs with EBV has been a matter of controversy going back to early seroepidemiological studies-raised EBV specific antibody titres have been reported in patients with all types of NPC or, alternatively, only in patients with non-keratinising NPC. 34 35 Similarly, studies attempting to detect viral nucleic acids and proteins in tumour samples have produced conflicting results. Klein et al have reported the detection of EBV DNA and of the EBNA complex in non-keratinising but not squamous cell NPCs. 36 Using in situ hybridisation for the detection of EBV DNA and EBERs, we have obtained similar results. 23 37 Moreover, using PCR, several groups have consistently detected viral DNA in nonkeratinising NPCs but only in a small proportion of squamous cell NPCs. 23 38 These latter findings are consistent with the occasional presence of EBV carrying lymphocytes in the stroma of squamous cell NPCs. By contrast, using Southern blot hybridisation, others have detected EBV DNA in DNA extracts from all squamous cell NPCs examined. 39 Using in situ hybridisation, the same laboratory later demonstrated EBER expression in the neoplastic cells in all of 31 squamous cell NPCs. 40 This apparent conflict has been resolved by the demonstration that squamous cell NPCs from a high incidence area (Hong Kong) are invariably EBV associated, whereas only approximately a third of the cases from a low incidence region (UK) are EBV positive, as assessed by EBER in situ hybridisation. 41 Thus, squamous 43 However, Rassekh et al have reported the detection of EBV and HPV by PCR in 88% and 53% of nasopharyngeal carcinomas, respectively. 44 In that study, all HPV positive cases were also EBV positive. Unexpectedly, there was a tendency for HPV positive cases to show an undiVerentiated histology and for the HPV negative cases to be squamous cell NPCs. Clearly, further studies are required to resolve this issue. In particular, it will be necessary to study EBV and HPV infection in NPCs at the single cell level.
EBV infection, viral latent gene expression, and tumour cell phenotype in NPCs
In non-keratinising NPCs, the virus is detectable in almost all cancer cells, where it is present as a monoclonal episome ( fig 1A) . 26 45 More recently, monoclonal viral genomes have also been detected in in situ NPCs. 25 This suggests that EBV infection takes place before the expansion of the malignant cell clone, and thus places the virus into the appropriate time frame to be involved in the pathogenesis of non-keratinising NPC. Similarly, monoclonal viral episomes have been detected in all EBV associated squamous cell NPCs investigated. 40 Expression of the viral genome in nonkeratinising NPC has been studied extensively. In general, these studies have revealed a type II EBV latent infection. Expression of the EBERs has been detected by in situ hybridisation. 46 Western blot and immunohistochemistry studies have shown the presence of EBNA1 in the tumour cells. 47 48 At present it is uncertain if, apart from its known role in the maintenance of the viral episome, 49 EBNA1 expression contributes to the pathogenesis of NPCs. Latent transcripts running through the BamHI A region of the viral genome are also regularly detected in NPCs. 50 51 The importance of this observation remains uncertain.
LMP1 expression is detectable at the protein level in up to 65% of cases using western blotting or immunohistochemistry, and at the transcriptional level in virtually all cases using sensitive PCR assays. 47 52 53 In view of the known transforming ability of this protein, 54 55 this observation adds support to the notion that EBV is involved in the pathogenesis of NPC. Functionally, LMP1 is similar, but not identical to CD40, a member of the tumour necrosis factor (TNF) receptor family. 56 57 LMP1 molecules aggregate in the cell membrane and, through two C-terminal activating regions, interact with TNF receptor associated factors (TRAFs) and TNF receptor associated death domain protein (TRADD). [56] [57] [58] In vitro, LMP1 expression in epithelial cells can induce or upregulate the expression of intercellular adhesion molecule 1 (ICAM-1), CD40, and cytokines such as interleukin 6 (IL-6) and IL-8. 55 59 Moreover, LMP1 can induce the expression of the CD70 antigen, a member of the TNF family, in epithelial cells in vitro. 60 61 This observation is relevant because most nonkeratinising NPCs are CD70 positive, although CD70 expression in NPCs does not appear to correlate with the detection of the LMP1 protein. 62 In addition, members of the B7 family (CD80/86) have been detected in the neoplastic cells of some non-keratinising NPCs and, importantly, this feature appears to be restricted to cases showing LMP1 expression as detected by immunohistochemistry. 62 Furthermore, LMP1 can induce a matrix metalloproteinase, MMP-9, through C-terminal activating regions 1 and 2 (CTAR-1 and CTAR-2), an eVect blocked by overexpression of I B. 63 If realised in vivo, this might contribute to the invasive growth of NPC. Nevertheless, the role of LMP1 in the pathogenesis of nonkeratinising NPC remains to be defined. In particular, it has been shown that LMP1, again similar to CD40, can have a growth inhibitory function in certain epithelial cells. 57 NPC tumours with detectable LMP1 protein synthesis appear to present at a more advanced stage than their LMP1 negative counterparts, yet unexpectedly LMP1 expression appears to be a favourable prognostic marker. 64 Moreover, transfection of LMP1 into EBV negative gastric carcinoma cells resulted in reduced growth rate, reduced colony forming eYciency, reduced tumorigenicity, lower cytological grade, and increased sensitivity for apoptosis. 65 The expression of LMP2A and LMP2B mRNA in non-keratinising NPCs is readily detectable by RT-PCR. 53 However, to date, detection of the protein has not been reported. 66 Using immunohistochemistry, we have been unable to detect LMP2A expression in a large series of primary undiVerentiated NPCs (G Niedobitek et al, 1998, unpublished data). However, a single case of an EBV positive, non-keratinising metastatic carcinoma in a cervical lymph node of presumed (but unconfirmed) nasopharyngeal origin showed strong LMP2A expression (fig 1B) , demonstrating at least that expression of this protein in carcinoma cells is possible. However, in contrast to Hodgkin's disease, where LMP2A is frequently detectable by immunostaining, 66 expression in non-keratinising NPCs appears to occur only rarely, or at a very low level. Because LMP2 is a possible target for immunotherapeutic approaches to the treatment of NPC, 67 this issue requires clarification. The function of LMP2 in NPC is uncertain. It has been suggested that in B cells, LMP2A might inhibit entry into the lytic viral cycle in response to antigen triggering. 68 More recently, LMP2A has also been shown to substitute for the pre B cell receptor in B cell development. 69 In epithelial cells, the phosphorylation of LMP2A is triggered by interaction with extracellular matrix proteins, 70 suggesting that LMP2A interacts with adhesion initiated signalling pathways.
EBV associated squamous cell NPC shows a similar pattern of viral latent gene transcription to non-keratinising NPC. Transcripts derived from the genes encoding EBNA1, LMP1, and LMP2, as well as from the BamHI A fragment of the viral genome, have been detected by RT-PCR. 40 However, LMP1 expression is only rarely detectable using immunohistochemistry. 41 The detection of LMP1 by immunohistochemistry in in situ NPCs has also been reported, and this has been taken as further evidence in support of an aetiological role for EBV in the pathogenesis of NPCs. 40 However, this observation has not been reproducible in our hands (G Niedobitek et al, 1996, unpublished data) and thus the issue of EBV latent gene expression in in situ NPCs requires further investigation.
Tumour cell phenotype and lymphoid stroma in nasopharyngeal carcinoma: comparison with Hodgkin's disease A characteristic feature of non-keratinising NPC is the presence of numerous lymphoid and other inflammatory cells, which are intimately admixed with the tumour cells, forming the so called lymphoid stroma. This has been variably regarded as pre-existing lymphoid tissue or as the result of a host immune response directed against the tumour. NPC cells express viral antigens that might serve as targets for EBV specific CTLs (see above). In vitro, these cells display a normal antigen processing function and are eYciently recognised by human major histocompatibility complex (HLA) class I restricted, virus specific CTLs. 71 Moreover, NPCs express CD95 and are susceptible to Fas mediated lysis, although this might be inhibited by CD40 signalling. 72 Phenotypic studies have shown that immune regulatory receptor ligand pairs are expressed in NPCs, which should allow the epithelial tumour cells to interact with tumour infiltrating lymphocytes. Thus, the expression of CD40, CD70, and CD80/86 has been demonstrated in NPC tumour cells, and the corresponding receptors/ligands CD40L, CD27, and CD28 are detectable in admixed lymphocytes. 62 Interestingly, expression of CD40, CD70, and CD80 in nonimmunogenic tumour cells can induce strong antitumour CTL responses in animal experiments. 73 Thus, these observations raise the question as to why NPC tumours in vivo can apparently grow in the face of an otherwise intact EBV specific immunity.
Hodgkin's disease, another EBV associated tumour, is also characterised by a dense reactive infiltrate consisting of lymphocytes, eosinophils, and other cells, which vastly outnumber the neoplastic Hodgkin and ReedSternberg (HRS) cells. Albeit of diVerent cell lineage (epithelial versus lymphoid), both neoplasms share several other features that warrant closer examination. Like NPC cells, EBV positive HRS cells display a latency II pattern of EBV gene expression, with detectable expression of LMP1 and LMP2A. 66 74 HRS cells are also capable of presenting EBV encoded antigens in the context of major histocompatibility complex (MHC) class I and are susceptible to lysis by EBV specific CTLs in vitro. 75 76 Moreover, HRS cells frequently express CD40, CD70, CD80, and CD95, thus showing further parallels with NPC cells. The T cells surrounding the HRS cells have been shown to group.bmj.com on June 18, 2017 -Published by http://mp.bmj.com/ Downloaded from be activated CD4 positive cells with a T helper type 2 (Th2) phenotype. 77 Recent studies have suggested that HRS cells, through the production of an array of cytokines and chemokines, might contribute to the accumulation of lymphocytes in aVected tissues. HRS cells express the thymus and activation regulated chemokine (TARC), which selectively recruits CCR4 positive Th2 cells. 78 79 Furthermore, certain cytokines expressed by HRS cells might help to modulate the local immune response, thus dampening down any EBV specific immunity. 80 This eVect might be partially mediated by IL-10, which is strongly expressed in EBV positive HRS cells. 81 82 Moreover, IL-6 expression has been observed preferentially in EBV positive HRS cells. 83 Thus, although HRS cells are eVective antigen presenting cells susceptible to CTL lysis, they seem to be able actively to modulate their microenvironment, resulting in an ineVective immune response. Figure 2 summarises the possible interactions between tumour cells and infiltrating lymphocytes in Hodgkin's disease and NPC.
In comparison with Hodgkin's disease, the nature of the interaction between tumour cells and tumour infiltrating lymphocytes in nonkeratinising NPC is poorly understood. Like HRS cells, NPC cells appear to be able to secrete cytokines. Studies of NPC cell lines have revealed variable expression of IL-1 , IL-1 , TNF-, and IL-8 in some lines, but a consistent pattern has not emerged yet. 84 85 To date, there is only very limited information available regarding the cytokine expression patterns in non-keratinising NPCs in vivo. Huang et al have demonstrated IL-1 expression in NPC tumour cells, with several other cytokines expressed in the lymphoid stroma. 86 IL-10 expression has been reported and has been suggested to be a marker of poor prognosis in NPCs. 87 88 However, studying a large series of NPCs by in situ hybridisation, we could not confirm this observation (G Niedobitek et al, 2000, unpublished data). IL-6 and IL-8 expression was detectable only in exceptional cases and then only in a small fraction of the tumour cells, raising questions as to the importance of this finding (G Niedobitek et al, 2000, unpublished data). TARC expression was undetectable in NPCs (G Niedobitek et al, 2000, unpublished data). Significantly raised serum concentrations of transforming growth factor (TGF-) have been reported in patients with NPC but the cellular source of this cytokine is presently uncertain.
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Conclusions
The association of NPC with EBV has been firmly established since 1973. 90 However, the evidence indicating a role for the virus in the pathogenesis of NPC is still largely circumstantial and controversial.
1 Recent studies have found that squamous cell NPCs and nonkeratinising NPCs vary with regard to their EBV association. Squamous cell NPCs may be EBV negative, and other factors such as smoking or HPV infection might be involved in the pathogenesis. Thus, these tumours appear to be pathogenetically heterogeneous. By contrast, non-keratinising NPCs are almost always EBV positive, suggesting that the virus is a rate limiting step for these tumours. It seems reasonable, therefore, to assume that EBV somehow contributes to the pathogenesis of non-keratinising NPCs. Yet, at the same time there is a growing body of evidence to suggest that EBV infection might not be the first step in the development of these tumours. It will be important to define the exact timing of EBV infection of nasopharyngeal epithelial cells and to identify the factors that precede and probably pave the way for EBV infection.
EBV associated NPC has been proposed as a promising target for virus specific immunotherapy. However, it appears unlikely at present that the approach used successfully for the prevention and treatment of post-transplant lymphoproliferative disorders can be easily adopted for NPC. 91 Like HRS cells, NPC tumour cells are capable of presenting viral antigen and are susceptible to MHC class I restricted CTL lysis in vitro. 71 75 Nevertheless, these tumours grow in vivo although patients usually do not display any gross deficiencies in their EBV specific immunity. Studies of Hodgkin's disease have shown that the neoplastic cells might modulate the local immune response through the elaboration of cytokines and chemokines, and that this ability might be enhanced by EBV infection. Currently, it is uncertain whether this is also true for NPC. Defining the function of the lymphoid stroma typically seen in NPCs will be pivotal for understanding the pathogenesis of NPC and is also required for devising promising immunotherapeutic strategies.
